ABSTRACT
Information about genetic structure and historical demography of natural populations is central to understanding how natural selection changes genomes. Drosophila ananassae is a widespread species occurring in geographically isolated or partially isolated populations and provides a unique opportunity to investigate population structure and molecular variation. We assayed microsatellite repeat length variation among 13 populations of D. ananassae to test the hypothesis that they are highly structured and we then make inferences about their ancestry and historic biogeography. High levels of genetic structure are apparent among all populations particularly in Australasia and the South Pacific, and patterns are consistent with the hypothesis that the ancestral populations are from Southeast Asia. Analysis of population structure and using F-statistics and Bayesian analysis suggest that the range expansion of the species into the Pacific is complex with multiple colonization events evident in some populations represented by lineages that show no evidence of recent admixture. The demographic patterns show isolationby-distance among populations and population expansion within all populations. A morphologically distinct sister species, D. pallidosa collected in Malololelei, Samoa, appears to be more closely related to some of the D. ananassae populations than many of the D. ananassae populations are to one another. The patterns of genotypic diversity suggest that many of the individuals we sampled may be morphologically indistinguishable nascent species.
The impact of population subdivision on levels and patterns of DNA sequence variation across chromosomes is central to our understanding genome evolution. Although, we have learned a great deal about the affects of natural selection on genome variation from studies of model organisms such as Drosophila melanogaster and D. simulans, they provide limited insight into the influence of gene flow on genome variation because natural populations appear to be essentially panmictic outside of Africa (IRVIN et al. 1998; DIERINGER and SCHLOTTERER 2005) .
Drosophila ananassae is also a cosmopolitan species but in contrast to D. melanogaster and D.
simulans, populations throughout its geographic range are highly structured. A sibling species (D. pallidosa; BOCK and WHEELER 1972) has been recorded in the Fijian-Samoan Islands. The body coloration of D. ananassae is, furthermore, thought to be variable throughout its range (MCEVEY et al. 1987) . It is the only cosmopolitan species of Drosophila that has been studied extensively by geneticists, has a completed genome sequence, and exists in highly structured populations throughout its geographic range (reviewed in DAS et al. 2004; TOBARI 1993) . Like
D. melanogaster and D. simulans, D. ananassae is found most frequently in association with
humans and, outside southeast Asia, rarely in natural habitats (BOCK and PARSONS 1978) .
Ancestral populations of D. ananassae are believed to be from Southeast Asia DOBZHANSKY 1972; VOGL et al. 2003) . Range expansion away from Southeast Asia is suspected based on both isozymes (JOHNSON 1971; JOHNSON et al. 1966) and DNA sequence polymorphism VOGL et al. 2003) .
Genetic studies of D. ananassae have revealed intriguing evidence that natural selection has a significant impact on genome variation among populations. For examples, studies of single nucleotide polymorphism at three randomly chosen genes on the X chromosome of four D.
ananassae populations from Sri Lanka, Bhubaneshwar, Mandalay, and Kathmandu have found that natural selection may be involved in generating and maintaining the genetic differentiation among populations (CHEN et al. 2000; STEPHAN and LANGLEY 1989; STEPHAN et al. 1998) . At Om(1D), which is in a region of the X chromosome with normal rates of recombination, a pattern of isolation-by-distance and low genetic differentiation was observed. In contrast, at vermilion and furrowed was observed, which are in regions of the X chromosome with low rates of recombination high genetic differentiation was observed. Patterns of variation at vermilion and furrowed deviated significantly from neutral expectations and were best explained by selection of positive mutations (selective sweeps). The strong signals of selection at furrowed appear throughout a larger geographic range of the species and likely represent two independent selection events consistent with positive Darwinian selection (BAINES et al. 2004) . These studies suggest that historically, gene flow has been limited by geographic distance among populations in and around India, and adaptive mutations have had a significant influence on molecular variation across broad regions of the genome.
One approach to differentiating the effects of natural selection and demographic processes such as migration and population size fluctuations on genetic variation is to use rapidly evolving genetic markers spread across the genome to infer the influences of genetic drift and migration by inferring the ancestry of the populations and the demographic events that have influenced genome variation as the species colonized and adapted to new geographic regions.
This information could then be used as a framework on which to interpret patterns of variation at individual genes whose pattern of genetic variation has been determined by natural selection.
The development of powerful Bayesian-based approaches (CORANDER et al. 2003; PRITCHARD et al. 2000) to detect population structure in multilocus datasets make D. ananassae an ideal species for determining the relative impacts of population structure and natural selection on genome variation in natural populations. Studies of DNA sequence variation in D. ananassae to date have not included populations from the South Pacific Islands which have been colonized by humans during the past 4000 years. Previous studies of isozymes, chromosomal polymorphisms, and morphology suggest that D. ananassae in the South Pacific are genetically diverse, are highly structured, and have a recent ancestry (TOBARI 1993) . The recent origin, potential for current gene flow via human traffic, and past estimates of genetic and morphological diversity suggest South Pacific populations may provide additional insight into the impact of colonization, migration, and adaptive evolution on genome variation in very recently established populations.
Here we analyze repeat length variation at 23 dinucleotide repeat microsatellite loci spread across the genome of D. ananassae (SCHUG et al. 2004) in 12 populations including one from the species putative ancestral geographic range in Indonesia, five from Australia and the South Pacific, and seven additional samples from Asia that have previously shown a pattern of isolation-by-distance and potential local geographic adaptation (CHEN et al. 2000; DAS et al. 2004; STEPHAN and LANGLEY 1989; STEPHAN et al. 1998; VOGL et al. 2003) . We additionally include a population of D. pallidosa from Malololelei, Samoa. We test the hypothesis that D.
ananassae populations are highly structured in Asia, Australia, and the South Pacific, examine the utility of these DNA markers compared to multilocus, single nucleotide variation at introns VOGL et al. 2003) , and make inferences about the ancestry, historic migration routes, and demographic history, particularly in Australia and the South Pacific.
MATERIALS AND METHODS

Population Samples:
We assayed 209 individuals collected from 13 locations in Asia, Indonesia, Australia and Samoa (Figure 1) . We used the same samples from Kathmandu, Mandalay, Puri, Bhubaneshwar, Hyderabad, Chennai, Colombo, and Darwin that were described in ; samples from Bogor were provided by Muneo Matsuda in 2002. We collected in Australia and Samoa (the island Upolu, Western Samoa) during June 2003. Our collection locations and species identification were based on reports of previous collections from these locations by (BOCK and WHEELER 1972) and (FUTCH 1973 F1 individuals from wild-caught females from Apia, Malololelei, Thursday Island, and Trinity Beach (Cairns) were assayed. Individuals from established inbred, isofemale lines maintained in the lab as independent cultures were assayed for all other populations. Isofemale lines were established from a single wild-caught female and subsequently maintained by serial transfer every 10-12 days. Inbreeding leads to rapid fixation at most loci, and each inbred isofemale line is subsequently treated as a single haploid genotype sampled from the original population. In cases where we observed heterozygous genotypes, we randomly chose one allele.
It is not possible to calculate the observed heterozygosity for isofemale lines, so we only analyzed this measure for the samples from the F1 diploid genotypes assayed in Apia, Malololelei, Trinity Beach, and Thursday Island.
DNA extraction and microsatellite genotyping: DNA was extracted from a single fly for each line using a PUREGENE DNA isolation kit (Gentra Systems, Minneapolis, MN) and the presence and quantity of DNA was determined by ethidium bromide staining after electrophoresis on a 1% agarose gel. Isolation and characterization of dinucleotide repeat microsatellites is described in (SCHUG et al. 2004) . The following (AC) n microsatellite repeat loci were assayed for polymorphism: DAN4, DAN9, DAN20, DAN21, DAN26, DAN27, DAN31, DAN32, DAN33, DAN42, DAN59, DAN65, DAN69, DAN70, DAN71, DAN73, DAN76, DAN78, DAN81, DAN82, DAN120, DAN136, DAN154. Characteristics of these loci are reported in SCHUG et al. (2004) . The position of these loci in the scaffold sequences in the whole genome assembly suggests that the loci are distributed across the three chromosomes (SCHUG et al. 2004) . All are at least 1Mb from one another if they within the same scaffold in the current assembly except DAN32 and DAN154 which are approximately 0.5 Mb from one another. There was no indication from patterns of linkage disequilibrium that any of the loci are segregate in a pattern consistent with close physical linkage.
PCR of each locus was performed in 10 µl reactions using a tailed-primer approach, where the forward primer was constructed with a 19 nucleotide sequence complimentary to the universal M13 primer on the 5' end. In addition to the forward and reverse PCR primers, the M13 universal primer, labeled with IRD700 or IRD800 was added to the reaction. PCR conditions are described in (SCHUG et al. 2004) . Briefly, we used a touchdown approach with identical thermal cycling conditions for all primers and a 50º C final anneal temperature in a 96 well format. Using this approach, PCR fragments ultimately contain an IRD700/800 label on the end with the forward primer that was detected by electrophoresis on a 6% Long Ranger sequencing gel on a LiCor Global IR2 automated DNA analyzer. Sizes of the DNA fragments were determined by reference to size standards that were distributed across the gel in lanes adjacent to the samples using Genescan version 4.05 software (Scanalytics, Inc.). We included reference individuals of known genotype on all gels. In our experience DNA fragments 2 bp different in length are consistently distinguishable using this technique and reproducible on multiple gels. Stutter bands are uncommon and when present clearly distinguishable from heterozygotes using Genescan. Genotypes were binned into fragment sizes consistent with two base pair (one repeat unit) increments. Diploid genotypes were determined from a single F1 female from wild-caught females in the Thursday Island, Trinity Beach, Apia, and Malololelei populations.
Statistical analysis: Summary statistics were calculated using MSA2 (DIERINGER and SCHLÖTTERER 2003) except for Nei's unbiased heterozygosity which was calculated using PowerMarker version 3.2 (LIU and MUSE 2004) . Deviations from Hardy-Weinberg equilibrium for each locus within populations and pair-wise linkage disequilibrium (D') between loci within each population were estimated PowerMarker version 3.2 (LIU and MUSE 2004) . Statistical significance was evaluated using chi square and exact tests as implemented in PowerMarker version 3.25, and p-values were obtained using permutation and the MCMC approach (GUO and THOMPSON 1992; RAYMOND and ROUSSET 1995 (WEIR and COCKERHAM 1984) . Both Structure and BAPS perform a Bayesian analysis to identify hidden population structure by clustering individuals into genetically distinguishable groups based on allele frequencies and linkage disequibibrium. One of our goals was to identify the contribution of ancestral and current migration among populations to the extant levels and patterns of polymorphism. Individual-based, admixture models attempt to identify the ancestral source of alleles observed in different individuals where the ancestral source population is unknown (CORANDER and MARTTINEN 2006; CORANDER et al. 2003; PRITCHARD et al. 2000) .
Structure and BAPS differ in their approach to estimating admixture. Whereas Structure infers the highest likelihood of both the individual clusters and admixture of genotypes using allele frequency and LD information from the data set directly, BAPS first infers the most likely individual clusters in the sample population and then performs the most likely admixture of genotypes (CORANDER et al. 2003) . This approach is more powerful at identifying hidden structure within populations (CORANDER and MARTTINEN 2006) . For Structure, we performed 10-20 runs for each K value ranging from 4 to 14, where K is the potential number of genetic clusters that may exist in the overall sample of individuals.
This program performs a Bayesian analysis to assign individuals to a predefined number of clusters based on a probabilistic analysis of the multilocus genotypes. We performed both an individual and admixture analysis using different levels of K using a burn-in period of 50,000 generations and MCMC simulations of 100,000 iterations. We found that values higher and lower than K=14 did not provide more biologically meaningful results than setting K=13. For the BAPS analysis, we estimated individual clustering using K values ranging from K = 4 to K = 20 and used these results in an admixture analysis with 100 iterations to estimate the admixture coefficients for the individuals. We performed the analysis multiple times with 5-10 iterations of each K value to judge the consistency of the simulation results. In each simulation we used 200 reference individuals per population, and 100 iterations to estimate the admixture coefficients of the reference individuals. We estimated F statistics following WEIR and COCKERHAM (1984) using MSA2 and tested for statistical significance by permuting genotypes 10,000 times, a method that does not rely on Hardy-Weinberg equilibrium (GOUDET et al. 1996) . Rst, a measure of the degree of population structure among samples based on variance in repeat unit length of microsatellites (SLATKIN 1995) was calculated using Genpop version 3.2.
We generated un-rooted, neighbor-joining trees using MEGA version 3.1 (KUMAR et al. 2004 ) based on the pair-wise Fst matrices. We tested for correlations between genetic distance (Fst and Rst) and geographic distance using a Mantel test with 1,000,000 permutations with zt version 1.0 (BONNET and VAN DE PEER 2002) and calculated a Spearman rank order correlation coefficient using SPSS ver. 14.0. Straight-line geographic distances between populations were determined using geographic coordinates of each collecting site and a web-based calculator (www.go.ednet.ns.ca/~larry/bsc/jslatlng.html).
To test for deviations from a neutral mutation-drift equilibrium model we used the program Bottleneck (CORNUET and LUIKART 1996) which uses a coalescent approach to test for heterozygosity excess or deficiency based on the expected heterozygosity and number of alleles observed at each individual locus. Deviations from mutation-drift equilibrium across all loci are assessed for statistical significance using a Wilcoxon test. Using this approach, Dh/s.d. values that are significant at a particular locus represent heterozygosity deficiency, characteristic of a rapidly expanding population. Dh/s.d. values that are positive represent heterozygosity excess, characteristic of a population that has recently experienced a bottleneck. A neutral equilibrium model predicts an equal number of loci with heterozygosity excess and deficiency. It is well accepted that many microsatellite mutations occur in a step-wise manner, but a subset occur to entirely new states (ELLEGREN 2000) . Thus, models used to infer historic demography based strictly on either the infinite alleles or the step-wise mutation model are not likely to be as accurate as a two-phase model in which a percentage of mutations occur to infinite states.
Estimates of homozygosity excess or deficiency based on a strictly infinite (IAM) or strictly stepwise mutation (SMM) model represent two extremes between which estimates based on a two-phase model (TPM) will lie. We use 30% infinite mutations for the two-phase model and report the results based on a TPM and SMM.
RESULTS
Genetic variation within populations:
Throughout the results, populations are presented in an order from the most Northwest to the most Southeast geographic location. In general, heterozygosity and variance in repeat unit length are high in all populations (Table 1) similar to other Drosophila species for which dinucleotide repeat microsatellites have been assayed in natural populations (HUTTER et al. 1998; NOOR et al. 2000; ORSINI and SCHLOTTERER 2004; PASCUAL et al. 2000; ROSS et al. 2003) . We used a univariate ANOVA to test for differences among populations in levels of expected heterozygosity and variance in repeat unit. Differences among populations in mean expected heterozygosity were significant (F = 2.24, d.f. = 12, P < 0.01) and variance in repeat unit were not significant (F = 1.04, d.f. = 12, P = n.s.). Post-hoc Tukey and SNK tests revealed that the significant difference in mean expected heterozygosity among populations reflected the low expected heterozygosity in Mandalay relative to all other populations. When we removed Mandalay from the data set and repeated the analysis, there were no significant differences among populations.
Fis values and deviations from Hardy-Weinberg equilibrium (HWE) in the Trinity Beach, Thursday Island, Apia, and Malololelei population samples on which we assayed diploid genotypes were high and significant in the direction of excess homozygosity at many of the loci as follows: 86% of the polymorphic loci in Trinity Beach (n = 23 polymorphic loci), 59% of the polymorphic loci in Thursday Island (n = 21), 57% of the loci in Apia (n= 20), and 19% of the loci in Malololelei (n = 20). Such a pattern may reflect hidden population structure within the sampled populations causing a Whalund effect, and/or the presence of null alleles due to polymorphism in the primer annealing sites flanking the microsatellite or large allele dropout; the tendency of PCR to preferentially amplify the smaller of two alleles in a heterozygote genotype. Short of re-sequencing PCR products of microsatellite genotypes and redesigning primers, there is no good method for distinguishing null alleles from population level phenomenon such as the Whalund effect that similarly cause homozygosity excess. Even resequencing alleles may not solve the problem because there may be additional polymorphisms in the newly identified primer sites causing null alleles, and re-designing primers would not resolve a problem with large allele dropout.
Since estimates of population genetic parameters may be significantly affected by departures from HWE due to null alleles, it is essential to estimate their potential contribution to allele frequencies if the genotypes are to be analyzed statistically using population genetic models. We thus used several approaches to explore the potential sources of deviations from HWE. Because null alleles are a common feature of microsatellites (DAKIN and AVISE 2004) , we first regenerated the allele frequencies assuming all of the deviations were due to null alleles (CHAKRABORTY et al. 1992 ) and analyzed population structure and tests for deviations from neutral equilibrium models on the corrected allele frequencies. Results that are largely inconsistent with a biological explanation would suggest that the deviations can not be resolved by assuming they are solely a function of null alleles. Using the method of (CHAKRABORTY et al. 1992) implemented in MicroChecker ( VAN OOSTERHOUT et al. 2004) we identified potential null alleles, regenerated the allele frequencies at all loci that deviated from HWE in the Thursday Island, Trinity Beach, Apia, and Malololelei populations, and calculated the genotypes frequencies from the allele frequencies. This simple method is described by VAN OOSTERHOUT et al. (2004) . Using the regenerated genotype frequencies to estimate F-statistics and tests for mutation-drift equilibrium had little qualitative effect on the results. This is surprising because the method used to adjust loci that deviate from HWE assuming they are solely due to null alleles changes the allele frequencies and in most cases reduces the sample sizes of genotypes (CHAKRABORTY et al. 1992) . The similarity in the results despite the correction may reflect the robustness of F-statistics and tests for mutation-drift equilibrium. Alternatively, the changes in allele frequency may parallel the original estimates in such a way statistical analysis of the readjusted allele frequencies produce similar results. The results thus do not necessarily distinguish between the possibilities that the deviations from HWE reflect null alleles or features of the population. We thus approached the analysis by testing for population level phenomenon on the original data (not adjusted for null alleles) to test for potential population effects such as hidden structure within populations causing a Whalund effect. The methods involve examining levels and patterns of both allele frequencies and linkage disequilibrium in the context of potential population structure similar to an approach that was used to examine patterns of LD and population structure in the maize genome (REMINGTON et al. 2001 ).
We used two Bayesian statistical models to search for hidden population structure. These do not require a priori information about the membership of individuals in a population, but rather infer the number and size of populations assuming that the clusters identified represent populations that are in HWE. In our case, collection sites that are potentially composed of individuals from populations that do not mate freely in nature (subpopulations) and were assumed to belong to the same population may be revealed as multiple subpopulations, each of which is in HWE. We also explored patterns of multilocus, pair-wise linkage disequilibrium for signals demographic patterns that may affect allele frequencies. We first present the results of the population structure analysis using traditional F-statistics and then present the analysis using the Bayesian approaches implemented in Structure and BAPS, and finally the linkage disequilibrium analysis. Population Structure: The overall level of structure among populations based on F-statistics was high and significant (Fst = 0.220, P < 0.001). Pair-wise comparisons among populations were significant in all cases (P < 0.0001) and were highest among the South Pacific populations and lowest among populations in India ( Table 2 ). Measures of structure based on Rst were higher, especially in the southeast populations (Table 2) The most striking pattern emerging from the Bayesian approaches is the strong patterns of structure within populations from Kathmandu, Puri, Chennai, Bogor, Thursday Island, Trinity Beach, Apia, and Malololelei (Figure 3 ). Each population has at least two independent genotypes with insignificant levels of admixture. The sample from Bogor, which lies near or within the putative ancestral geographic range VOGL et al. 2003) , has two distinct clusters that are not observed in any other population. Inspection of the genotypes for the 7 individuals in the least represented cluster (gray; Figure 3 ) revealed four individuals with a missing genotypes at 12 loci (a result of failure to amplify by PCR). This subgroup thus may represent a case where BAPS clustered them erroneously. Missing data was uncommon in all other individuals in all of the populations. Kathmandu has a genotype (lavender) that shows no admixture with a second genotype (blue) which is also common in Mandalay, Hyderabad, Chennai, Colombo, and Darwin. Chennai has two distinct genotypes, both of which are found in other Asian populations and one of which is represented by Darwin. Thursday Island has one genotype (green) shared with individuals from Trinity Beach and Mandalay, a second (tan) also found in Trinity Beach, and a third genotype (blue) found in Apia. Trinity Beach has one independent genotype (red), a second (tan) found in Thursday Island, and a third (green) also found in Thursday Island and Mandalay. Apia has one genotype (blue) also found in Thursday Island, and a second found in Malololelei. Malololelei has one common genotype found in Apia.
Linkage disequilibrium: Both of the Bayesian approaches estimate population structure and admixture based on estimates of allele frequency and linkage disequilibrium (LD). Thus, it is possible that substructure identified by BAPS reflect, in part, significant levels of LD. We examined the allele frequencies between loci for evidence of significant pair-wise linkage disequilibrium across populations, which is expected if any of the loci are physically close to one another and do not segregate independently. We constructed pair-wise estimates of D' and tested for significance of each pair-wise estimate using both the MCMC and permutation algorithms in PowerMarker (LIU and MUSE 2004) . For comparisons of the percentage of loci deviating from LD in each population or subpopulation, it is not appropriate to correct for multiple tests, but rather to choose a p-value as a cutoff for significance and use the percentage of significant D' values as a measure of overall LD. In our case, choosing a p-value of 0.05 rather than 0.01 or less would lead to a conservative estimate of genome-wide LD, so we considered all D' values with P < 0.05 as statistically significant LD. (Table 1 ). All but five of the populations (Kathmandu, Thursday Island, Trinity Beach, and Apia) had approximately 5% or fewer statistically significant pair-wise comparisons (Table   1) . Since approximately 5% of the pair-wise comparisons would be expected to be significant using P < 0.05 as a criterion for statistical significance, the results suggest that LD is not a feature of the microsatellite allele frequencies except in the population samples from Kathmandu, Mandalay, Thursday Island, Trinity Beach, and Apia. To determine if this reflected hidden structure within each of the populations, we subdivided the data set into multilocus genotypes identified as clusters by BAPS (Figure 3 ) and calculated the percentage of statistically significant pair-wise D' values within each subgroup. We did not perform this analysis for the Mandalay sample because sample size of individuals was too small. Because we were testing the same genotypes subdivided into different subpopulations multiple times, we applied a Bonferroni correction to the p-values for both the original and subdivided data to arrive at the percentage of loci deviating from linkage equilibrium. This correction, however, had only minor effects on the results as most significant p-values were < 0.0001. In the Kathmandu, Thursday Island, Trinity Beach, and Apia populations, subdividing the populations necessarily reduces the sample sizes and thus the statistical power to reject the null hypothesis of no LD. Nevertheless, in each case the percentage of significant pair-wise D' values were reduced substantially (Table 1) as would be expected if the clusters identified by BAPS within the three populations reflected patterns of LD. The strong reductions suggest that at least some of the LD in the full populations can be explained by the substructure within each of these populations detected by BAPS.
We next reanalyzed the allele frequencies in Trinity Beach, Thursday Island, Apia, and Malololelei for departures from HWE by dividing them into the subgroups identified by BAPS.
In all cases the percentage of loci deviating from HWE was reduced. As for the LD analysis, we applied a Bonferroni correction to the p-values for to arrive at the percentage of loci deviating from HWE. As for the LD analysis, the Bonferroni correction had little effect on the results. In the Trinity Beach population, the reduction was from 86% originally, to 31.82% of the loci in the red subgroup, 27.27% of the loci in the tan subgroup. In Thursday Island, the reduction was from 59% originally, to 22.73% of the loci in the green subgroup and 18.18% of the loci in the tan subgroup. In Apia, the reduction was from 57% in the original sample, to 30.0% of the loci in the brown subgroup and the sample size was to small to test for HWE in the remaining purple subgroup (n=2). As was the case for statistical analysis of the LD estimates, subdividing the data necessarily reduces the sample size below the sample size in the original data set and consequently reduces the statistical power to reject the null hypothesis of no deviation from HWE. Nevertheless, some of the reductions in the number of loci deviating from HWE are substantial, suggesting that at least a portion of the deviations observed originally may be attributed to a Whalund effect, particularly in Thursday Island and Trinity Beach.
Tests for deviations from neutral equilibrium expectations:
We examined the allele frequency distributions for homozygosity excess or deficiency using the program Bottleneck applying options of a step-wise mutation model, and two-phase model in which 30% of the mutations are assumed to be to an entirely new allelic state and 70% from a step-wise mutational process. The test assumes HWE and reasonably high statistical power to detect significant deviations from equilibrium requires a sample size of approximately 20 individuals per population (CORNUET and LUIKART 1996) . For 9 of the 13 populations, it was not possible to test for deviations from HWE because they were assayed from isofemale lines, and similarly we can be sure there is no problem with null alleles because any polymorphisms in the primer sites preventing amplification would appear as missing data and simply reduce the sample size of that locus. Large allele drop out is not a possible complication because the loci are all homozygous.
Sample sizes of individuals are smaller than is optimal for this statistical approach, and we can thus not be sure if we fail to reject the null hypothesis (mutation-drift equilibrium) that the populations are biologically at mutation-drift equilibrium. The test is thus conservative and a rejection of the null hypothesis would indicate strong evidence for heterozygosity excess or deficiency. The results are shown in Table 3 .
For all populations deviations from a neutral equilibrium model were significant in the direction of homozygosity excess. Because the Kathmandu, Thursday Island, and Trinity Beach populations showed significant levels of Hardy Weinberg disequilibrium (discussed above) which violates the assumptions of the tests for deviations from neutral equilibrium expectations (CORNUET and LUIKART 1996) we reanalyzed the by dividing it into the subgroups identified by ananassae because the species are the most difficult species to distinguish in the ananassae complex based on morphology (BOCK and WHEELER 1972) . In the field, we identified D.
pallidosa by the pale body color that was noted in Malololelei specimens by (BOCK and WHEELER 1972) which contrasts sharply with the dark body color of D. ananassae in Samoa. BOCK and WHEELER (1972) note that aside from the body color difference in Samoa, the single morphological difference is "the reduced number of rows of the sex-comb of D. pallidosa in comparison with D. ananassae". In the specimens they examined, D. pallidosa had between 11 and 18 teeth in 3 to 4 rows on the metatarsus, barely overlapping with the range of 18 to 28 found in D. ananassae (MCEVEY et al. 1987) . We are fairly certain though that our collections represent D. pallidosa as it was described by BOCK and WHEELER (1972) . We collected females of both species to return to the lab and examined F1 offspring male sex combs to confirm their identity as D. pallidosa and D. ananassae. Furthermore, Malololelei is very close to the location in which collections of the pale body colored D. pallidosa were obtained by Futch (FUTCH 1973 ).
In one case, the multilocus genotypes appear to remain inconsistent with the morphological criteria for this species. Two individuals in Apia (purple color; Figure 3 The second pattern that emerges from the data is the distinct clusters within populations that show little evidence of admixture identified by the Bayesian analysis. Prior to performing the Bayesian analyses, we suspected potential assortative mating because of the deviations from HWE and significant levels of linkage disequilibrium. By subsequently splitting the populations into clusters identified by BAPS, the patterns of HWE and LD were reduced to nearly nonsignificant levels, also suggesting distinct independent lineages within populations. Both structure and BAPS identify clusters within Kathmandu, Hyderabad, Chennai, Thursday Island, Trinity Beach, and Apia. BAPS further identifies clusters within Trinity Beach and Bogor at K = 11. These results indicate that lineages exist both within and among populations that have not admixed in recent history and do not interbreed freely presently. Although the clusters identified within the Bogor population may reflect statistical anomalies due to individuals with missing genotypes, the remaining clusters appear to reflect assortment of genotypes into subpopulations.
There are two possible interpretations of the observed substructure within populations. If indeed the populations are sub-structured in nature as the statistical analysis suggests, the lack of evidence for admixture within each cluster suggests they do not mate in the wild and may represent assortative mating populations or cryptic species that were collected in the same geographic location in our banana traps. Alternatively, the clusters may represent statistical anomalies due to the presence of null alleles. We attempted to distinguish between these hypotheses by examining patterns of LD and HWE within the clusters. In both cases, the percentage of loci showing significant LD and deviations from HWE was reduced significantly when we accounted for the substructure. This is expected if LD and deviations from HWE observed in the whole population are a function of population substructure caused by a Whalund effect supporting the first hypothesis. However, this approach is not a perfect solution because by examining clusters within each population, we are also reducing the sample sizes and consequently the statistical power to detect significant LD and HWE deviations. If the reductions in LD and HWE deviations are primarily due to a sample size effect, they may have no biological basis, but rather represent a statistical anomaly caused by null alleles. Thus while it would be intriguing to conclude that the clusters represent biologically real substructure within each geographic location, we can not reject the hypothesis that the effect is strongly influenced by null alleles. The one exception to this is the substructure identified in the Kathmandu population in which null alleles were not possible and patterns of LD were reduced within each cluster. The biological reality of substructure within populations potentially representing assortative mating populations or cryptic species must nevertheless be verified independently by further behavioral and genetic studies.
The origin of D. ananassae populations in Asia, Australia, and the South Pacific is likely very recent, particularly in the Oceania and Australia which were colonized by voyagers from Indonesia during the past 5000 years (LUM and CANN 2000; LUM et al. 1998) . We note that because of this recent origin and our results that the populations are not in mutation-drift equilibrium (Table 3) , the genetic relationships based on Fst values may not reflect the true ancestral origins of populations, and it is thus not possible to know if the phylogenetic trees we constructed based on pair-wise Fst are true representations of the migration history of the lineages identified in the Bayesian analysis. Furthermore, as we point out above, the clusters identified by BAPS within populations must be verified experimentally. Nevertheless, the structure between geographic locations is strong and unlikely a function of statistical or technical anomalies. We can thus use these patterns to speculate about the biogeographic history of D.
ananassae and D. pallidosa in the geographic regions from which we sampled and make some general inferences about the potential origin of the clusters identified by BAPS.
Both the Bayesian and phylogenetic analyses suggest that the population structure is featured by two major migration events arising from the putative ancestral population (Bogor; DAS et al. 2004; VOGL et al. 2003) ananassae are to one another and in many cases the Fst analysis show higher levels of divergence between D. ananassae populations than to D. pallidosa. Furthermore, it clusters within the populations from Australia and the South Pacific rather than appearing as an independent unit. It thus appears that if we are willing to accept D. pallidosa as a species, we must consider the possibility that some of the samples we collected that have been described previously as D. ananassae based on morphologically are in fact different species and that sex combs and body color are not morphologically distinguishing features.
The hypothesis that cryptic species exist in our samples can be tested using behavioral experiments to quantify levels of prezygotic, postzygotic and gametic isolation (COYNE and ORR 1997) . We know already that D. ananassae and D. pallidosa show strong prezygotic isolation, yet produce fertile hybrids (FUTCH 1973; FUTCH 1966; KILLON-ATWOOD 2005) . 
